Lumbar spinal stenosis is a painful and debilitating condition resulting in healthcare costs totaling tens of billions of dollars annually. Initial treatment consists of conservative care modalities such as physical therapy, NSAIDs, opioids, and steroid injections. Patients refractory to these therapies can undergo decompressive surgery, which has good long-term efficacy but is more traumatic and can be associated with high post-operative adverse event (AE) rates. Interspinous spacers have been developed to offer a less-invasive alternative. The objective of this study was to compare the costs and quality adjusted life years (QALYs) gained of conservative care (CC) and decompressive surgery (DS) to a new minimally-invasive interspinous spacer.
Introduction
Lumbar spinal stenosis (LSS) is a condition in which the spinal canal becomes increasingly narrowed from degenerative changes such as facet arthropathy, disc degeneration, spondylolisthesis, and thickening/ buckling of the ligamentum flavum; all of which result in compression of the thecal sac and contained nerve roots. 1 LSS is the most common indication for lumbar spine surgery and has an estimated annual in-cidence of 5 cases per 100,000 individuals. 2 Furthermore, LSS continues to increase in prevalence and is one of the most common reasons for surgery in elderly patients (>65 years old). [3] [4] [5] [6] The cost to society in the United States resulting from this disease process has been estimated in the tens of billions of dollars annually. 7, 8 The initial treatment of LSS consists of various nonoperative approaches including physical therapy, pain medications (NSAIDs, mild opioids), and epidural steroid injections, referred to as conservative care (CC) in this study. There is no standardized paradigm for non-operative treatments in patients with LSS; and as such, approaches to management are often guided by clinical judgment of the treating physician. Patients with symptoms refractory to sustained (longer than 6 to 12 weeks) medical management warrant surgical consideration. Open lumbar laminectomy remains the gold standard for surgical decompression in patients with medically refractory LSS and has been shown to have good long-term efficacy. 5, [9] [10] [11] [12] [13] However, open lumbar laminectomy has been shown to be associated with post-operative complication rates ranging from 12 to 29%, depending on comorbidity status, which is particularly important since LSS is predominantly a disease of the elderly, a demographic inherently associated with higher rates of comorbidities. [14] [15] [16] [17] [18] As a result, less invasive surgical treatment strategies have been explored to manage patients with LSS refractory to conservative care. One such alternative is an interspinous device, which can be implanted between the spinous processes in the lumbar spine. These devices are designed to mechanically limit segmental lumbar extension and thereby maintain the diameter of the spinal canal and neuroforamen at the level of insertion. 19 The clinical effectiveness of an interspinous device compared to conservative care for the treatment of LSS has been previously demonstrated in a prospective, randomized clinical trial. 8 This study evaluates the cost-effectiveness of a next generation interspinous spacer (Superion®, Ver-tiFlex, Inc.) that is significantly less invasive than previous spacers.
Markov models are frequently used for costeffectiveness analysis. 20, 21 The models assume that a patient is always in one of a finite number of discrete health states, called Markov states. Transitions from one state to another are used to represent patient events. Health care costs and utilities can be assigned at each state, and accumulated over the duration of the model. Because the Markov model can represent repetitive events and the time dependence of both probabilities and utilities, it can more accurately represent clinical settings than simpler models. In the current study, we developed a Markov microsimulation model to compare the clinical effectiveness and cost-utility of comprehensive conservative care (CC), decompressive surgery by laminectomy without fusion (DS), and placement of the Superion interspinous device (Spacer) for the treatment of LSS.
Methods
A Markov model was developed to simulate costs, health outcomes, and incremental cost-effectiveness comparing three strategies for treatment of LSS. Each strategy included initial and follow-up treatments. Within a strategy, if the initial treatment failed, patients received a follow-up treatment. The initial treatments were conservative care (CC), decompressive surgery (DS) or interspinous spacer (Spacer). The index DS did not include fusion. DS with fusion was modeled only as a follow-up treatment after DS or Spacer failure, and only by a portion of patients with failure. The target population was assumed to have moderate symptoms of neurogenic claudication secondary to a confirmed diagnosis of LSS at one or two contiguous levels from L1 to L5, with or without Grade 1 spondylolisthesis, and have completed at least six months of conservative treatment. Data sources used to populate the model came from three sources. DS estimates were from a prospective spinal registry, from which patients that met the target population criteria and received DS without fusion were analyzed. CC estimates were from a previously published paper. 22 The spacer treatment data came from the pivotal FDA IDE trial of the Superion Interspinous Spacer System sponsored by VertiFlex, Inc. 23 The primary outcome measure analyzed was qualityadjusted life years (QALYs) gained. A payer perspective was taken. The payer reimburses the facility and physicians for procedures, but does not make separate reimbursement for implants. The model aggregates the cost of patient care, which includes the index procedure and any follow-up care or repeat procedures. Therefore, the model provides a more complete payer cost estimate than the cost of index procedures alone. All costs were in 2014 US dollars.
Markov process for the CC strategy had seven states ( Figure 1 ). Patients began the simulation in the Conservative Care state. Patients returned to that state in following cycles, although they had a probabilistic chance of treatment failure, which was followed by either DS or Spacer treatment. For patients receiving DS, if DS was successful, the patient moved to the Continue Post-DS state in the next cycle. If DS was unsuccessful, the patient returned to the DS state in the next cycle. Patients remained in the Continue Post-DS state, unless there was a DS failure, when they would return to DS. Similar transitions were followed for patients with Spacer treatment. However, the transition after failed Spacer treatment was to DS. Ninety percent of CC failures transitioned to DS in the base case analysis.
The Markov process for the Spacer strategy had four states ( Figure 1 , Spacer Model). Patients underwent Spacer Implant in the first cycle. If the implant was successful, the patient moved to the Continue Post-Spacer state in the next cycle. If the implant was unsuccessful, the patient moved to the DS state in the next cycle. Patients in the Continue Post-Spacer state returned to that state in following cycles, although they had a probabilistic chance of moving to DS due to implant failure. After DS, patients moved to the Continue Post-DS state or returned to DS.
Similarly, the Markov process for DS had two states ( Figure 1 , DS Model). Patients underwent DS in the first cycle. If the treatment was successful, the pa-tient moved to the Continue Post-DS state in the next cycle. If the treatment was unsuccessful, the patient returned to the DS state in the next cycle. Patients in the Continue Post-DS state returned to that state in following cycles, although they had a probabilistic chance of moving to DS due to treatment failure.
Model Inputs
Estimates of treatment failure rates, adverse event rates, follow-up care utilization, and outcomes were from Parker et al, analysis of institutional registry data, and analysis of the Superion FDA trial data. 22, 23 The registry included patient demographics, disease characteristics, and treatment variables assessed prospectively for each case. Baseline, three-month, one-year, and two-year Oswestry Disability Index (ODI), SF-12 quality of life, and follow-up utilization were assessed in phone interviews. 22 Similarly, the trial data included two-year follow-up after implant with the interspinous spacer. The details of this trial have been described in a previous publication. 23 
Costs
Costs included cost of procedures, complications, and follow-up utilization of healthcare resources (physical therapy, chiropractic therapy, epidural steroid injections, diagnostics, and medications). Procedure costs included reimbursements to the physician, anesthesiologist, and facility. CC and DS patient-reported resource utilization data over a twoyear period were collected prospectively by telephone interviews. Self-reported instances of medical resource use were multiplied by unit costs for each cost component. Unit costs for office visits, hospitalizations, diagnostic tests, and DS procedures were based on 2012 Medicare national allowable payment amounts and inflated to 2014 using the medical consumer price index (CPI). Medication prices were based on 2012 average wholesale price and inflated to 2014. 22 Follow-up physical therapy utilization for Spacer patients was from the FDA trial data. Followup utilization for other services was assumed to be the same as DS patients. The unit costs applied for CC and DS follow-up utilization were applied for Spacer follow-up utilization. based on the appropriate DRG and CPT codes. The cost of DS fusion procedure was needed because a portion of patients who failed either their index DS or Spacer went on to have DS with fusion. All Spacer procedures were assumed to be performed in the hospital outpatient setting. Spacer CPT codes were 0171T and 0172T. Cost of DS with fusion was based on reimbursement for DRG 460 and CPT codes 22558, 22585, 22630, 22632, 22851, 22840, 22842. Anesthesiology costs for the Spacer procedure assumed 60 minutes and code 00670. Anesthesiology costs for DS without fusion assumed 180 minutes and code 00630, DS with fusion assumed 180 minutes and code 00670. All DS procedures were assumed to be performed as inpatient. Cost of inpatient rehabilitation was from the Medicare 2014 base rate adjusted for case-mix groups applicable to postspine surgery patients (0501, 0601, 0901, 2001). 24 The cost was estimated as the average of the casemix adjusted rates, assuming maximum function and minimum comorbidities.
Costs of Spacer and DS fusion procedures were

Quality Adjusted Life Years (QALYs)
QALYs were measured using the SF-6D, estimated from the Mental Component Score (MCS) and Physical Component Scores (PCS) of the SF-12, age, and sex. 25 Individual level SF-12 MCS and PCS were available for the Spacer and DS patients. Summary data were used for the CC patients. For the model, QALYs gained during each quarter post-treatment were estimated by linear interpolation.
Analysis
Data analyses were performed using SAS version 9.4 (SAS Institute, Inc., Cary, NC). To recognize baseline differences in the patient populations that could affect outcomes, QALYs gained and failure rates for each surgical treatment were modeled as a function of baseline ODI and follow-up period. A repeated measures model was used to analyze QALY gains. If a significant relationship between baseline ODI and QALYs gained or failure rates was observed, baseline ODI was retained in the model. Exponential failure rates were estimated for Spacer; a life table method was used for DS. Modeling analyses were performed using TreeAge Pro Suite 2013 (TreeAge Software, Williamstown, MA). The micro-simulation had a two year time horizon, in quarterly cycles, and 10,000 hy-pothetical patients. Each simulated patient accumulated costs and health outcomes, which were discounted at 3% per year. Results were presented as mean costs, QALYs, and incremental costeffectiveness ratios comparing surgical strategies to CC strategy. The primary endpoint for the costeffectiveness analysis was the incremental costeffectiveness ratio (ICER). To estimate the ICER, average total costs and average QALYs from baseline to 2-years were estimated for conservative care vs. surgical treatment groups. The ICER was defined as the difference in mean total costs between cohorts, divided by the difference in mean QALYs as follows: ICER = (COST Strategy A -COST Strategy B )/ (QALY Strategy A -QALY Strategy B ). Sensitivity analysis was conducted on single variables in the standard way, using the 95% confidence interval for the high and low values. Additionally, probabilistic sensitivity analysis, a standard method of integrating uncertainty about many variables simultaneously, was performed. 26 
Results
Patient Comparison
Baseline patient characteristics are shown in Table 1 . CC patients had a higher level of disability as measured by ODI (57) compared to the DS cohort (47) and the Spacer cohort (39), p<0.05. Differences in ODI were found to be significant predictors of QALYs gained for the Spacer and DS patients, but had no effect on failure rates. QALYs gained for DS and Spacer treatments were estimated after adjusting for baseline ODI. For use in the model, a baseline ODI of 52 was assumed, the average ODI of the CC and DS patients. Age and gender of Spacer (66±9 years, 58% male) and DS (64±11 years, 59% male) patients were similar and assumed to have no significant relationship to QALYs gained or failure rates; therefore no covariate adjustment was performed. CC patients were slightly younger (58±12 years, p<0.05) and less likely to be male (40%, p<0.05) compared to the DS patients. The SF-12 PCS differed significantly among the groups. The differences were assumed to be highly correlated with the ODI score and therefore the ODI covariate adjustment sufficed to control for these differences. The SF-12 MCS scores were similar across patient groups. Approxi-mately half of surgeries were one level and there was no difference in number of levels between Spacer and DS cohorts.
Base case values
Base case values of model estimates are shown in Table 2 . Quarterly failure rate was highest among CC patients, 4.3% per quarter, and lowest among DS patients, 1.2% per quarter. Spacer patients had a 2.7% failure rate. No adverse events after Spacer implant generated reimbursement outside of the global 90-day payment. Five percent of DS patients experienced an adverse event leading to hospital readmission and nearly four percent were discharged to an inpatient rehabilitation facility after the initial procedure. For the patients requiring secondary decompressive surgery after DS or Spacer failure, the fusion rate was assumed to be 31%, based on the data from the FDA trial.
Probability of any healthcare, medication, or diagnostic utilization for CC patients approached 100% each quarter. In the quarter of the procedure, use of healthcare was lower for Spacer patients compared to DS patients, 45.2% vs. 76.2%, because fewer Spacer patients had outpatient physical therapy. In the quarter of the procedure, 94.4% of DS patients used med- ications and approximately one-fifth of DS patients had diagnostic testing. Use of medications during follow-up continued for nearly two-thirds of DS patients, but use of healthcare and diagnostic services decreased to 12.9% to 8.8% of patients. 
Utilities
After adjustment for baseline ODI, QALYs gained after 24 months were 0.016, 0.144, and 0.151 for CC, Spacer, and DS, respectively ( Figure 2 ). The QALYs gained during each quarter after treatment applied in the model are shown in Table 2 .
Base-Case Analysis
Average cost per patient was lowest for the CC Strategy ($10,540) and nearly identical for the Spacer and DS strategies ($13,947, $13,958) ( Table 3 ). The CC strategy had the lowest QALY increase (0.06), while the QALY increase from the surgical strategies was 0.27 for the spacer cohort and 0.29 for the DS cohort. Consequently, the incremental cost effective ratios (ICERs) for the surgical strategies compared to CC were similar, $16,302 for the Spacer cohort and $15,231 for the DS cohort.
Sensitivity Analysis
One-variable sensitivity analyses (SA) value ranges and probabilistic sensitivity analysis (PSA) distributions are shown in Table 4 . Results from one-variable SA showed that failure rates had the greatest influence on strategy costs. The average cost per patient in the CC strategy was $1100 above or below the base case at the upper and lower failure rates ( Figure  3) . The percentage of patients with fusion changed the average cost per patient by approximately $700 in either direction. None of the other variables changed the average cost by more than $300. Utility gained was affected by values of the CC and Spacer failure rates and CC and DS utility gain. Over all scenarios, CC strategy utility gain ranged from 0.04 to 0.08.
The average cost per patient in the Spacer strategy was $700 below or $900 above the base case at the upper and lower failure rates (Figure 4) . The percentage of patients with fusion changed the average cost per patient by approximately $500 in either direction. None of the other variables changed the average cost by more than $200. Utility gained was affected only by values of the Spacer utility gain, when Spacer strategy utility gain ranged from 0.23 to 0.31. The average cost per patient in the DS strategy was $600 below or $1900 above the base case at the upper and lower failure rates ( Figure 5 ). Adverse event and the inpatient rehabilitation rates changed the average cost per patient by approximately $300 in either direction. Utility gained was affected only by values of the DS treatment utility gain, when DS strategy utility gain ranged from 0.23 to 0.34.
Results of the PSA showed the average cost per patient for the CC strategy ranged from $9000 to $13000, while utility gained ranged from 0.05 to 0.09 ( Figure 6 ). The average cost per patient ranged from $12500 to $16200 for the Spacer strategy and $12700 to $17000 for the DS strategy. Utility gained ranged from 0.21 to 0.34 for the Spacer strategy and 0.19 to 0.38 for the DS strategy. The cost- effectiveness plane plots the increase in cost versus the increase in utility gained of the surgery strategies compared to the CC strategy. The surgery strategies showed considerable overlap (Figure 7) . On average, the surgeries cost $3400 more per patient than the CC Strategy, with greater QALYs gained of 0.21 to 0.22.
Discussion
In the current study, we developed a Markov microsimulation model to compare the clinical effectiveness and cost-utility of conservative care (CC), decompressive surgery (DS), and placement of a new minimally-invasive interspinous spacer (Spacer) in the treatment of lumbar spinal stenosis (LSS). We observed a significant and virtually identical improvement in quality of life for patients treated with either DS (0.151) or an interspinous spacer (0.144). On the other hand, patients undergoing CC did not 27 The authors found both surgical treatments (laminectomy and interspinous spacers) to be more cost-effective than continued conservative care. Similarly, Skidmore et al. calculated the relative cost-effectiveness of the same three treatment strategies for LSS using clinical, quality of life, and economic data from various sources. 18 The authors demonstrated that in LSS patients with moderately impaired physical functioning, treatment with an in-terspinous spacer was cost-effective compared to conservative care (ICER = $17,894/QALY) and dominant to decompressive lumbar laminectomy (provided better improvement in quality of life and was less expensive).
In a prospective, randomized controlled trial (SPORT), Tosteson et al. demonstrated that laminectomy for stenosis was cost-effective when compared to medical management with an ICER of $77,600/QALY. 28 This study remains the sole Level 1 evidence for the cost utility of surgical vs. medical management of LSS; however, it should be noted that the high degree of treatment cross-over after randomization likely introduced significant bias into the cost-utility analysis, artificially elevating the mean reported QALY gained in the medical cohort and falsely decreasing the incremental QALY gain and cost-effectiveness of lumbar laminectomy. [29] [30] [31] Both of these factors would have the effect of decreasing the observed cost-utility of surgical vs. medical management in this patient population.
Decompressive lumbar laminectomy remains the gold standard surgical intervention for patients with medically refractory LSS; however, it is an open and invasive surgical procedure and has been shown to be associated with post-operative complication rates ranging from 12-29%. 18 As such, there has been substantial interest in developing less invasive treatment options. In a select subset of patients with LSS, placement of an interspinous spacer at the level of stenosis has been shown to be superior to sustained conservative care. 8 The patient population in which an interspinous spacer may be most effective is those with medically refractory neurogenic claudication from LSS, whose symptoms are significantly relieved during flexion. Furthermore, it is most suitable for patients with moderate symptoms of neurogenic claudication who can still walk at least 50 feet. Patients with a fixed motor deficit, severe disability symptoms, bowel/ bladder symptoms, greater than Grade I spondylolisthesis, or previous lumbar surgery at the affected level are not suitable candidates for consideration of an interspinous spacer. Therefore, in the continuum of treatment options for patients with LSS, placement of an interspinous spacer can be an effective alternative to both sustained conservative care and decompressive surgery in patients with the above characteristics.
The limitations inherent in our study have significant implications for its interpretation. As in many studies using economic models, the treatments were not all randomized against one another. If outcomes are related to patient characteristics, this can cause bias in the comparisons. To address differences in patients at baseline, we modeled failure rates and QALYs gained as a function of baseline ODI, and adjusted when indicated. While small sample sizes, such as those used in our model, do not in themselves cause bias, they do lead to more variable estimates of each treatment's effectiveness, and therefore more uncertainty in the comparisons. This may be especially true during the second year after the procedure, when the original sample size was somewhat reduced. However, our base case failure rates were within the range of other studies. For DS, our failure rate was 9.2% over two years, somewhat higher than 6.8% from Burnett, but similar to 8.9% (35/394) reported from the SPORT study. 27, 28 In addition, results from our PSA were similar to the base case analysis, showing higher cost and greater QALYs gained for the surgical strategies compared to the CC strategy ( Figure 6 & Figure 7 ).
Utility was estimated as a function of age, sex, SF-12 MCS and PCS scores. We did not recognize a utility decrement when a patient suffered an AE or incurred an IRF stay; but because these were short term events, they would have had minor impact on 2-year utility. Our QALYS gained by 2 years were also similar to previous studies. For Spacer, our QALY gained was 0.144 which compares to 0.14 from Skidmore and 0.15 from Burnett. 18, 27 Similarly, our DS QALY gained was 0.15, which compares to 0.08 from Skidmore and 0.16 from Burnett and 0.17 from Tosteson. 18, 27, 28 Finally, our analysis was limited to a two-year time horizon due to the available data. LSS is a lifetime condition, so longer time horizons may be of interest even in the commercial insurance market. It will be important to extend the time horizon of this and oth-er studies as longer-term data become available on interspinous spacers.
Conclusions
The current study adds to the evidence supporting decompressive surgery (DS) as a cost-effective strategy relative to sustained conservative care (CC) in treatment of lumbar spinal stenosis. In addition, we provide evidence to support a new Spacer treatment as cost-effective compared to CC and similar to DS in cost and QALYs gained. With ICERs of well under the generally accepted $50,000/QALY, these results suggest that surgical treatments provide superior value (cost / effectiveness) versus sustained conservative care in the treatment of patients with lumbar spinal stenosis.
